Abstract. Mesenchymal stem cells (MSCs) hold great promise as potential therapies for tumors through the delivery of various anticancer agents. However, exogenous tissue-derived MSCs, such as those of bone marrow, have exhibited a tendency for malignant transformation in the tumor microenvironment. This issue remains controversial and is poorly understood. In the present study, the role of interleukin 22 (IL22)/IL22 receptor subunit α 1 (IL22RA1) and signal transducer and activator of transcription 3 (STAT3) signaling in the malignant transformation of MSCs was investigated. Following isolation of rat MSCs and their indirect co-culture with C6 glioma cells, the transformed MSCs exhibited tumor cell characteristics. The Cancer Genome Atlas-Glioblastoma Multiforme analysis revealed that primary and recurrent glioblastomas have increased IL22RA1 expression, compared with normal tissues, whereas the expression of IL22 was low in glioblastoma and normal tissues. mRNA and protein expression levels of IL22RA1 were significantly increased in the MSCs co-cultured with C6 glioma cells. Furthermore, MSCs incubated with IL22 exhibited increased proliferation, migration and invasion. STAT3 demonstrated activation and nuclear translocation in the presence of IL22. Additionally, STAT3 small interfering RNA significantly inhibited the migration and invasion ability of MSCs, and the expression of the STAT3 downstream targets cyclin D1 and B-cell lymphoma-extra large under IL22 stimulation, indicating that IL22 also promoted MSC migration and invasion through STAT3 signaling. These data indicated that IL22 serves a critical role in the malignant transformation of rat MSCs, which is associated with an enhancement of the IL22RA1/STAT3 signaling pathway in the tumor microenvironment.
Introduction
Malignant glioma is the most frequent and lethal type of primary tumor of the central nervous system (1) (2) (3) . Despite improvements in therapeutic technologies, the current treatment strategies remain poorly effective. Increasing evidence indicated that mesenchymal stem cells (MSCs) preferentially migrate to and engraft into tumor sites and interact with tumor microenvironments, which, in addition to their availability, immunological compatibility and relative ease of in vitro manipulation without the need for immortalization, indicates these cells as the most attractive candidates for tumor therapy (4) (5) (6) .
Although MSCs have high potential for application in tumor therapy, a number of adverse effects have been demonstrated in the context of their direct and indirect involvement in the tumor microenvironment (6) (7) (8) (9) . In the tumor niche, MSCs interact with tumor cells and may promote angiogenesis, tumor growth, migration, invasion and metastasis (6) (7) (8) (9) . MSCs can also undergo malignant transformation following long-term in vitro culture (10) . Furthermore, in tumor microenvironment, MSCs can undergo malignant transformation, through increased migration and invasion abilities, increased proliferating capacity, and form tumors in immunocompromised mice (7) (8) (9) .
In our previous studies, it was demonstrated that MSCs can undergo malignant transformation through migration and invasion abilities, in vivo tumorigenesis and growth, with IL22 furthers malignant transformation of rat mesenchymal stem cells, possibly in association with IL22RA1/STAT3 signaling XIANGRONG CUI [1] [2] [3] , XUAN JING 4 , QIN YI [1] [2] [3] , ZHONGPING XIANG [1] [2] [3] , JIE TIAN 5 , BIN TAN [1] [2] [3] and JING ZHU S100B/advanced glycosylation end-product specific receptor serving a role by activating the interleukin 6 (IL6)/signal transducer and activator of transcription 3 (STAT3) signaling pathway (7) (8) (9) . However, in addition to tumor cells, numerous tumor immune cells, including monocytes, macrophages, mast cells, microglia and neutrophils, serve indispensable roles in the initiation and progression of glioblastoma in the tumor microenvironment (10) (11) (12) .
In the central nervous system, the presence of human T helper (Th)17 lymphocytes and their deleterious role were described in multiple sclerosis lesions (13) . Liu et al (13) reported the expression of IL17 and IL22 receptors on blood-brain barrier endothelial cells during multiple sclerosis lesions and in experimental autoimmune encephalomyelitis, a mouse model of multiple sclerosis. IL22, a member of the IL10 cytokine family, is produced by a number of subsets of lymphocytes, including γδ T cells, Th22 cells, Th17 cells, natural killer T cells, innate lymphoid cells and CD8 + lymphocytes (14) . IL22 appears to act exclusively on non-hematopoietic cells, expressing a heterodimer transmembrane complex composed of IL22RA1 and IL10RB subunits (15) . IL22RA1 is almost entirely expressed on cells of non-hematopoietic origin (16) . The primary signaling pathway downstream of IL22RA1 is the STAT3 cascade, which mediates the majority of IL22-induced effects, including promotion of tumor growth and metastasis, as well as inhibition of apoptosis (14) . Furthermore, Seki et al (17) demonstrated that IL22 attenuates double-stranded RNA-induced upregulation of programmed death-ligand 1 in airway epithelial cells via a STAT3-dependent mechanism. Thus, it has been concluded that in the glioma microenvironment, the occurrence and development of glioma is not only associated with glioma cells, but also involves IL22 secreted by Th17 lymphocytes and other immune cells. It was hypothesized that IL22 produced by immune cells would activate the STAT3 cascade through interaction with IL22RA1, to promote the malignant transformation of MSCs. Therefore, the characteristics of transformed malignant MSCs and the mechanism underlying their transformation were evaluated, thereby highlighting the safety issues to be addressed prior to the clinical application of MSCs.
Materials and methods
MSC isolation, culture, and transfection. Male Sprague Dawley rats (n=40; 4-week-old; 40±10 g each; from the Experimental Animal Center of Chongqing Medical University, Chongqing, China) were kept at 23±3˚C and 55±5% humidity, with normal diet and regular drinking water. A 12/12 h light/dark cycle used for all rats. The rats were euthanized through intraperitoneal injection of a mixture solution of ketamine (87.5 mg/kg) and xylazine (12.5 mg/kg), and the bone marrow aspirates were separated and cultivated by the plastic adherence method (18) . All experiments using rats were approved by the Medical Research Ethics Committee of Chongqing Medical University for the Ethics of Animal Experiments of Chongqing Medical University. MSCs were cultured in Dulbecco's modified Eagle's medium (DMEM)/F12 containing 10% fetal bovine serum (FBS; both from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and incubated at 37˚C in an atmosphere containing 5% CO 2 and 95% humidity. At 70-80% confluence, the cells were subcultured for four passages and harvested for phenotypic characterization and differentiation as described previously (13 Small-interfering RNA (siRNA) targeting rat STAT3 (si-STAT3) and the corresponding negative control (si-NC) were designed and synthesized by Shanghai GeneBio Co., Ltd. (Shanghai, China). For the transfection procedure, MSCs were grown to 80-90% confluence and transfected with 25 nM si-STAT3 and 25 nM negative control siRNA using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocols. The target mRNA sequence for si-STAT3 was (5'-GGC AUA UGC AGC CAG CAA-3') and si-NC was (5'-UUU GCU GGC UGC AUA UGC C-3 '). After incubation for 48 h, cells were washed with PBS, harvested and subjected to proliferation, western blot analysis, and invasion and migration assays. supplemented with 10% FBS) was seeded in the lower part of the chamber. After 7 days of indirect co-culture with C6 cells, the MSCs were collected for analysis. MSCs cultured alone served as the control. The cells were imaged under a confocal microscope (magnification, x100; Eclipse Ti2; Nikon Corporation, Tokyo, Japan).
Cell Counting Kit-8 (CCK-8) detection of viability.
Cell viability was assayed with CCK-8 (Chongqing ATGene Pharmaceutical Technology Co., Ltd., Chongqing, China), following the manufacturer's protocols. MSCs and C6 glioma cells were seeded in 96-well plates (1x10 4 cells/well) and cultured in 100 µl serum-free DMEM/F12 medium for 1, 2, 3, 4, 5, 6 and 7 days, or a 24 and 48 h incubation of MSCs with exogenous IL22 (Abcam, Cambridge, MA, USA) at 37˚C. Subsequently, the cells were incubated with 10% CCK-8 solution for 2 h at 37˚C and the absorbance value was measured at 450 nm using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). All measurements were conducted with eight replicates and each experiment was repeated at least three times.
Cell migration and invasion. For invasion and migration assays, 1x10
5 cells in serum-free DMEM/F12 medium were placed into the upper chamber of a Transwell plate (24-well; 8-mm pore size) coated with or without Matrigel, respectively. DMEM/F12 medium containing 10% FBS was added to the lower chamber. After incubation for 24 h, the cells remaining on the upper membrane were removed with cotton wool. The cells that had migrated or invaded through the membrane were fixed with 4% paraformaldehyde for 30 min at 37˚C and stained with 0.1% crystal violet for 4 h at 37˚C (Beyotime Institute of Biotechnology, Shanghai, China), imaged and counted using an inverted microscope (magnification, x100; Eclipse Ti2; Nikon Corporation).
Cell cycle and flow cytometry. Cell cycle distribution was analyzed using a flow cytometer (BD FACSCanto). Cells were pooled and placed in tubes at a density of 1.6x10 5 cells/tube. The cells were fixed in 70% ethanol for 24 h at 4˚C and washed three times with PBS. Finally, the cell pellets were tested by Cell Cycle kit (Thermo Fisher Scientific, Inc.), incubated with RNase (1 mg/ml; Thermo Fisher Scientific, Inc.) and 400 µl propidium iodide solution (100 µl/ml; Thermo Fisher Scientific, Inc.) for 30 min at 37˚C in the dark and analyzed by flow cytometry using ModFit LT software (version 3.2; Verity Software House, Inc., Topsham, ME, USA). Each experiment was repeated at least three times.
ELISA. Secreted IL22 was measured in the supernatant of the C6 glioma cell and MSC culture medium using an ELISA. The ELISA (cat. no. E-EL-R2440c; Elabscience Biotechnology Co., Ltd., Wuhan, China) was performed according to the manufacturer's protocols, and the results were analyzed with SoftMax ® Pro-5 (Molecular Devices, LLC, Sunnyvale, CA, USA). Concentrations below the detection limit (5 pg/ml) were considered undetectable.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was extracted using an RNA extraction kit (BioTeke Corporation, Beijing, China), and cDNA synthesis was conducted with a PrimeScript™ RT Master Mix kit, according to the manufacturer's protocols (Takara Biotechnology Co., Ltd., Dalian, China). RT-qpcr was performed in three replicates using a SYBR ® Premix Ex Taq Kit (Takara Bio, Inc., Tokyo, Japan), according to the manufacturer's protocol using gene-specific primers, and products were measured on a CFX96 Real-time PCR system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The primers used were as follows: IL22RA1, forward, 5'-CTG TGG AGA CCC GAA AC-3' , and reverse, 5'-GCA CCC GAG AAG GAG T-3'. GAPDH (forward, 5'-ACC ACA GTC CAT GCC ATC AC-3'; and reverse, 5'-TCC ACC ACC CTG TTG CTG TA-3') was used as the endogenous housekeeping gene for normalization of mRNA levels. The results are expressed as the mean of 2 -∆∆Cq ± standard deviation (19) . The PCR amplification was performed as follows: 95˚C for 5 min; 35 cycles of 95˚C for 1 min, 60˚C for 1 min and 72˚C for 1 min; and then 72˚C for 7 min.
Immunofluorescence staining. Cells were seeded in 24-well plates (4x10 4 cells/well) DMEM/F12 medium containing 10% FBS for 24 h at 37˚C. Subsequently, they were then fixed with 4% paraformaldehyde for 1 h at 37˚C, permeabilized with 0.5% Triton X-100, and blocked for 1 h at 37˚C with 5% bovine serum albumin (Gibco; Thermo Fisher Scientific, Inc. Following a PBS wash, the cells were incubated with FITC (cat. no. S0008) or Cy3 (cat. no. S0011) conjugated goat anti-rabbit IgG secondary antibodies for an additional 2 h at 37˚C before being washed with PBS again at 37˚C three times in the dark. Secondary antibodies were also obtained from Affinity (1:200; Affinity Biosciences, Cambridge, UK). Subsequently, 20 µl 4',6-diamidino-2-phenylindole (DAPI; Beyotime Institute of Biotechnology) was added to stain the nuclei at 37˚C for 1 h. Images were obtained with a A1R Confocal microscopy system (magnification, x100; Nikon Corporation) and analyzed with Nikon NIS-element AR 4.0 software (Nikon Corporation).
Western blot analysis. Cell lysates (Whole Protein Extraction kit; Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) were collected and a Bicinchoninic Acid protein assay (Nanjing KeyGen Biotech Co., Ltd.) was performed to determine protein concentrations. Proteins (40 µg) were separated on 8% SDS-PAGE and then transferred onto polyvinylidene fluoride membranes (EMD Millipore). Subsequently, the polyvinylidene fluoride membranes were blocked for 1 h in TBS containing 0.1% Tween-20 at room temperature with 5% fat-free milk. The following commercial antibodies were used to incubate membranes overnight at 4˚C: STAT3 (cat. no. 12640; 1:1,000; Cell Signaling Technology, Inc.), p-STAT3 (cat. no. 9134; 1:1,000; Cell Signaling Technology, Inc.), cyclin D1 (cat. no. 2922; 1:1,000; Cell Signaling Technology, Inc.), and Bcl-xL (cat. no. 2764; 1:1,000; Cell Signaling Technology, Inc.) and GAPDH (cat. no. T0004; 1:5,000; Affinity Biosciences). Subsequently, membranes were incubated with goat anti-rabbit IgG horseradish peroxidase-conjugated secondary antibodies (1:5,000; cat. no. SA00001-2; ProteinTech Group, Inc., Chicago, IL, USA) for 2 h at 37˚C. Blots were developed with the chemiluminescent detection method by enhanced chemiluminescence Prime Western Blotting Detection reagent (cat. no. KGP1127; Nanjing KeyGen Biotech Co., Ltd). The band intensity of western blotting was measured by densitometry using the Quantity One software v4.6.7 (Bio-Rad Laboratories). The protein levels were normalized to the protein level of GAPDH, which was used as a loading control.
Bioinformatic analysis of the expression of IL22 and IL22RA1 in glioblastoma. Heat maps of IL22 and IL22RA1 expression were identified using The Cancer Genome Atlas-Glioblastoma Multiforme (TCGA-GBM) data with the University of California, Santa Cruz (UCSC) Cancer Genomics Browser (http://xena.ucsc.edu/) (20) (21) (22) (23) (24) . 
Results

Identification of MSCs.
To confirm that the cells used in the present study were MSCs, their phenotype was determined by measuring the specific cell surface markers CD71, CD90, CD34 and CD45. As depicted in Fig. 1 , flow cytometric analyses revealed that the primary cultured MSCs were positive for CD7 and CD90 while negative for CD34 and CD45, indicating that they were MSCs.
Malignant transformation of MSCs in the simulated tumor microenvironment.
Following long-term exposure to the tumor microenvironment, the MSCs exhibited numerous biological characteristics of C6 glioma cells, including altered cell morphology, and increased proliferation and invasion/migration ability. As depicted in Fig. 2A , the MSCs exhibited a typical long fusiform morphology, whirlpool and orderly arrangement. However, following long-term indirect co-culture with C6 glioma cells, the MSCs became thinner and longer with reduced cytoplasm around the nucleus, and an increased nuclear/cytoplasmic ratio. Therefore, they exhibited a similar shape to that of C6 glioma cells. Furthermore, MSCs co-cultured with C6 glioma cells exhibited an increased proliferation rate, compared with normal MSCs from day 4-6 ( Fig. 2B) . The flow cytometry results demonstrated that the percentage of MSCs in the G2/S phase was significantly increased following co-culture with C6 glioma cells, compared with the control group, indicating that cell proliferation was increased (P<0.05; Fig. 2C and D) . Furthermore, MSCs co-cultured with C6 glioma cells exhibited a significantly increased migration and invasion capacity, compared with normal MSCs (both P<0.05; Fig. 2E and F) .
Bioinformatics analysis of the expression of IL22 and IL22RA1 in glioblastoma.
The expression profile of IL22 and IL22RA1 in TCGA-GBM was analyzed using the UCSC Cancer Genomics Browser (Fig. 3) . The heatmap and the corresponding box plots depict that primary and recurrent glioblastomas have increased IL22RA1, expression compared with normal tissue (Fig. 3A and B) , whereas the expression of IL22 was low in glioblastoma and normal tissues (Fig. 3A and C) . IL6 and S100B are highly secreted in MSCs co-cultured with C6 glioma cells, as demonstrated in previous studies (7) (8) (9) . However, other cytokines may affect the MSCs phenotype. Thus, an ELISA was performed to detect the expression level of IL22, which is primarily produced by immune cells (17) . IL22 was not detected (<5 pg/ml) in the culture supernatant of C6 glioma cells or MSCs, which is consistent with previous studies (25, 26) (Fig. 4A) . However, the mRNA and protein expression levels of IL22RA1 were significantly increased in the MSCs co-cultured with C6 glioma cells (Fig. 4B-D) .
Expression of IL22RA1, not IL22, is increased in
IL22 induces MSC proliferation, migration and invasion.
Since IL22RA1 was expressed by MSCs and its expression was significantly increased following co-culture with C6 glioma cells, the biological functions of IL22 were investigated. Therefore, proliferation assays were performed with exogenous IL22 in FBS-free or 10% FBS DMEM/F12 medium. A 24 and 48 h incubation of MSCs with exogenous IL22 induced cell proliferation, as assessed with a CCK-8 assay (Fig. 5A) . Previous studies revealed activation of the anti-apoptotic protein Bcl-xL by IL22 in glioblastoma (26), hepatocarcinoma (27) and lung cancer (20) cells. Therefore, the association between Bcl-xL protein and IL22 in MSCs was examined. The results revealed that IL22 increased the expression of Bcl-xL ( Fig. 5B and C) , which is consistent with previous studies. Furthermore, MSCs incubated with IL22 exhibited significantly increased migration and invasion capacity, compared with normal MSCs (P<0.05; Fig. 5D and E).
IL22 triggers phosphorylation of STAT3 in MSCs.
To determine the signal transduction pathway induced by IL22R activation, western blot analysis was performed to measure the normal and phosphorylated forms of STAT3 (Tyr-705) in MSCs following IL22 simulation. The results demonstrated that IL22 activated STAT3 phosphorylation in MSCs, with the peak detected at 30 min (4.3-fold increase) (Fig. 6A and B) . To further confirm the IL22 induction of STAT3 phosphorylation, the normal and phosphorylated forms of STAT3 were examined with immunofluorescence staining (Fig. 6C and D) .
The results indicated p-STAT3 nuclear localization in MSCs after 30 min of treatment, demonstrating that IL22 induced STAT3 activation and nuclear translocation.
Effect of inhibition of STAT3.
To investigate the role of STAT3 pathway activation in MSCs under IL22 treatment, MSCs treated with IL22 were transfected with si-STAT3 or non-targeting control siRNA. Analyses using western blotting ( Fig. 7A and B) and immunofluorescence ( Fig. 7C and D) indicated that the expression levels of STAT3, p-STAT3, cyclin D1 and Bcl-xL were significantly decreased in the si-STAT3 treatment group, compared with the control siRNA treatment group or the without siRNA treatment group (P<0.05). Furthermore, inhibition of STAT3 signaling by si-STAT3 significantly decreased the IL22 simulation-induced increase in MSC proliferation, demonstrating that IL22 promoted the proliferation ability of MSCs via STAT3 signaling (Fig. 7E) . Additionally, si-STAT3 significantly inhibited the migration and invasion ability of MSCs under IL22 stimulation, indicating that IL22 also promotes MSC migration and invasion through STAT3 signaling ( Fig. 7F and G) .
Discussion
Bone marrow-derived mesenchymal stem cells (MSCs) exhibit potent tumoritropic migratory properties that render them attractive for use as targeted-delivery vehicles in tumor treatment (6, (28) (29) (30) (31) (32) (33) (34) (35) . Numerous experimental studies have confirmed the antitumor potential of MSCs modified with therapeutic genes and/or loaded with chemotherapeutic drugs (21) (22) (23) . Thus, modified MSCs are a promising approach to deliver therapeutic agents to tumor niches. However, a number of contradictory reports and arguments indicated that MSCs can exert various adverse effects when they enter the tumor microenvironment (7-9,24). Chen et al (7) determined that MSCs can promote tumor progression on bladder cancer model. Xu et al (8) demonstrated that mesenchymal-stem-cell-secreted interleukin (IL)-6 enhances resistance to cisplatin via the STAT3 pathway in breast cancer. Furthermore, mesenchymal stem cell-derived IL-8 could promote osteosarcoma cell anoikis resistance and pulmonary metastasis (9) . Thus, further research is required to improve the safety of this approach.
Previously, it was demonstrated that MSCs directly or indirectly co-cultured with C6 glioma cells have a risk of malignant transformation and that this process may be mediated by S100B and IL6 secreted by C6 glioma cells through activation of the STAT3 pathway (7) (8) (9) . However, the mechanism underlying the transformation of MSCs remains poorly understood.
IL22 is an effector cytokine that serves a major role in the regulation of inflammatory responses in a variety of tissues, including colorectal carcinogenesis, lung cancer and gastric cancer (36) (37) (38) (39) . The majority of cancer types, including gliomas, are associated with inflammation (25) . Furthermore, a functional role of IL22 in carcinogenesis has been reported in colorectal, stomach and lung carcinoma, glioblastoma and hepatocarcinoma (25) (26) (27) (28) (29) . In the present study, a gene expression database was investigated with clearly defined parameters distinguishing cancer and normal tissues. Analysis using the TCGA-GBM database revealed increased IL22RA1 mRNA expression in glioblastoma, compared with corresponding normal tissue. Investigation of the expression of IL22 and IL22RA1 in MSCs and C6 glioma cells failed to determine IL22 in the culture supernatant of C6 glioma cells or MSCs. However, the expression of IL22RA1 mRNA and protein was significantly increased in MSCs co-cultured with C6 glioma cells, compared with MSCs alone, indicating that the malignant transformation of MSCs is associated with the Previous studies indicated that IL22 may activate STAT3 signaling in different types of cells (26, 30, 31) . In this regard, it was determined that STAT3 signaling pathway is activated by IL22 in MSCs and revealed that STAT3 phosphorylation is enhanced in MSCs following IL22 simulation. Accumulating evidence indicates that IL22 can promote cell proliferation and anti-apoptosis via STAT3 signaling (26, (37) (38) (39) (40) (41) (42) (43) . Inhibition of STAT3 signaling by si-STAT3 suppressed the IL22-induced increase of cell proliferation, migration and invasion. Based on the aforementioned results, it was considered that the extracellular IL22/IL22RA1 interaction is responsible for the activation of STAT3 in the malignant transformation of MSCs, with activated STAT3 serving an important role in the malignant transformation of MSCs in the tumor microenvironment. In contrast, C6 glioma cells and MSCs did not secrete IL22 but did express a functional IL22 receptor (IL22RA1). The expression of IL22 was significantly increased during the malignant transformation of MSCs, indicating that IL2 could be provided by microenvironmental cells. In addition to tumor cells, immune cells, extracellular matrix, blood vessels and cytokines constitute key parts of the glioblastoma tumor microenvironment, which can be advantageous for tumor proliferation (44) . Furthermore, Th17 cell invasion has been reported in an experimental mouse model of malignant glioma as well as in human glioma (45) . Therefore, it may be considered that immunocompetent cells can interact with MSCs and secrete IL22 to promote the malignant transformation of MSCs. Combined with our previous findings (17, 26, 27) , the present study indicates that IL6 secreted by C6 glioma cells may share signaling pathways with IL22, which serve a synergistic role in promoting the malignant transformation of MSCs.
In the present study, the aim was to investigate the effect and mechanism of IL22 upregulation in cell-based experiments in vitro as a preliminary investigation. However, animal studies on IL22RA1 upregulation and knockout or inhibition could better reveal the association between IL22/IL22RA1 and the malignant transformation of MSCs, and thus should be performed in future studies.
